Abstract-The present study examines the potential of the comet assay using the rainbow trout gonad cell line-2 (RTG-2) as an in vitro indicator test for genotoxicity assessment of aquatic contaminants and native surface waters. Initially, the comet assay protocol was adapted to the RTG-2 cell line. An exposure period of 2 h was found to be optimal, because DNA damage decreased when exposure was prolonged. Then, the sensitivity of the comet assay with RTG-2 cells toward six genotoxic reference substances was evaluated. The lowest-observed-effect concentration values for the directly acting genotoxins, 4-nitroquinoline-N-oxide and N-methyl-NЈ-nitro-N-nitrosoguanidine, were in the low nanomolar range. The RTG-2 test system clearly was less sensitive for the indirectly acting genotoxins benzo[a]pyrene, nitrofurantoin, 2-acetylaminofluorene, and dimethylnitrosamine, despite the presence of xenobiotic metabolic capacities in RTG-2 cells. The two effect endpoints used, tail length (TL) and tail moment (TM), did not differ with respect to sensitivity, but the linearity of the concentration-response curve was better with TM than with TL. The overall reproducibility of the assay results was good. Finally, the applicability of the comet assay with RTG-2 cells for genotoxicity screening of native surface water samples was studied. The assay tolerated the use of nonsterile water samples and was able to detect genotoxic potentials in native water samples; that is, extraction and concentration of the samples were not needed. The results of the present study indicate the suitability of the comet assay with the fish cell line, RTG-2, as in vitro screen for detecting genotoxic potencies of xenobiotics and environmental samples.
INTRODUCTION
The continued presence of genotoxic and potentially carcinogenic chemicals in the aquatic environment is of major concern with respect to the health of aquatic biota and humans [1, 2] . Thus, a range of indicator assays have been developed that are used to screen for genotoxins in aquatic media (see, e.g., [3] [4] [5] ) and to monitor genotoxic effects in aquatic sentinel organisms (see, e.g., [6-8]) .
A genotoxicity indicator test that has attracted much attention during recent years is the comet assay. This assay detects DNA strand breaks and alkali-labile sites by measuring the migration of damaged nuclear DNA [9] [10] [11] . Briefly, the technique involves the preparation of single-cell suspensions that are embedded in low-melting agarose on microscope slides. The slides are placed in a cell lysis buffer and in alkaline buffer for DNA unwinding. During subsequent electrophoresis, cells with damaged DNA display increased migration of DNA fragments out of the nucleus, generating a comet-shape tail that extends from the nucleus core. The comet tail can be visualized by DNA staining, and a quantitative evaluation can be made by image analysis using one of the following parameters: Tail length (TL), percentage of DNA in the tail (tail DNA), or tail moment (TM; this parameter corresponds to TL multiplied by tail DNA) [12] . The comet assay has a number of advantages: It assesses genotoxic effects at the level of single cells and, thereby, can identify toxicant-responsive cells in an otherwise normal cell population; it requires only a very small number of cells; it is not dependent on proliferating cells; * To whom correspondence may be addressed (helmut.segner@itpa.unibe.ch). The current address of H. Segner is Centre for Fish and Wildlife Health, University of Bern, Post Box 8466, CH-3001 Bern, Switzerland. it is suitable for virtually any nucleated eukaryotic cell type; and it appears to be a very sensitive method [10, 11] . Furthermore, the comet assay can be applied ex vivo. That is, the organism is exposed in vivo, and DNA damage is assessed in cells subsequently isolated from that organism, as well as in vitro (i.e., DNA damage is measured in cells exposed in vitro to genotoxicants).
For in vitro screening of genotoxic activities in the aquatic environment, the comet assay is increasingly applied in combination with cell systems from aquatic species, including plants, invertebrates, fish, and amphibia [13] [14] [15] . To date, most in vitro studies with aquatic organisms have employed freshly isolated cells, such as blood cells [16] [17] [18] , gill cells, and liver cells [19] [20] [21] . However, for genotoxicity screening, cell lines offer a number of advantages over primary isolates: 1) They are readily available, 2) their preparation and maintenance is less labor-intensive than with primary cells, and 3) they allow for good standardization and reproducibility, because they are not dependent on the physiological status of the donor animal. Among aquatic species, cell lines are available mainly from fish, and in fact, these cell systems are well-established tools in aquatic toxicity screening [22] [23] [24] .
The present work examines the potential of the rainbow trout gonad cell line-2 (RTG-2), which is one of the more frequently used fish cell lines in aquatic toxicity testing, to be used in the comet assay for in vitro genotoxicity assessment of xenobiotics and native surface water samples. More specifically, the aims of the present study are threefold: To establish a comet assay protocol adapted to RTG-2 cells, to evaluate the sensitivity and reproducibility of the comet assay with RTG-2 cells, and to examine the applicability of the assay for genotoxicity screening of native, nonconcentrated, and nonsterile surface water samples.
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MATERIALS AND METHODS

Chemical reagents
The reference compounds, 2-acetylaminofluorene (AAF), benzo[a]pyrene (BaP), dimethylnitrosamine (DMN), nitrofurantoin (NF), and 4-nitroquinoline-N-oxide (NQO), were obtained from Sigma (Deisenhofen, Germany). The N-methyl-NЈ-nitro-N-nitrosoguanidine (MNNG) was purchased from Serva (Heidelberg, Germany). Stock solutions and dilutions of the test substances were prepared in dimethyl sulfoxide (DMSO) as vehicle solvent and were added to the culture to give a final DMSO concentration of 0.1% at maximum.
Surface water samples
Water samples were collected from three sites along the Rhine and Elbe rivers (Germany), respectively, and from the Wahnbach barrage, a drinking-water reservoir. The samples were taken in large volumes, chilled, thoroughly homogenized, and transported to the laboratory. After arrival, one aliquot of the samples was immediately tested; the remaining volume was frozen and assayed in two independent repetitions within one week.
Additionally, a surface water sample taken from the Weisse Elster River (water quality of the Weisse Elster according to the saprobic index is in class 2-3) was spiked with the genotoxic mixture of the U.S. Environmental Protection Agency (U.S. EPA standard Base/Neutrals 8270 mixture C). This is a mixture of 10 substances, including NQO. The spiking dose of the standard was based on the effect concentrations of NQO with RTG-2 cells as determined during previous tests. The experiment was performed as a blind study (i.e., the spiking dose of the standard in the sample was unknown to the tester).
Cell culture
The RTG-2 cell line was established by Wolf and Quimby [25] from immature rainbow trout gonads. The cells were obtained from the European Collection of Animal Cell Cultures (Porton Down, Salisbury, UK). They were cultured in 75-cm 2 cell culture flasks (Nunc, Mannheim, Germany) in Earle's minimal essential medium (E-MEM; Biochrom, Berlin, Germany) with 10% fetal calf serum (FCS), 2 mmol/L of L-glutamine (Sigma), 0.1 mg/ml of neomycin (Sigma), and 0.09% NaHCO 3 (Biochrom). Incubation temperature was 19ЊC. Cell proliferation was maintained by weekly subcultivation (split 1:2).
Exposure of cells to xenobiotics or surface water samples
Confluent cultures in 75-cm 2 cell culture flasks were trypsinized. To this end, the medium was removed from the flasks, and the cell layers were washed twice with 5 ml of cold phosphate-buffered saline (PBS) and then treated with 1.5 ml of a 1 mg/ml solution of trypsin (Sigma). The trypsin solution was left on the cell layer for 5 to 10 min. Repeated shaking was used to obtain a suspension of single cells. Trypsinization was stopped with 5 ml of E-MEM containing 10% FCS. The resulting cell suspension was centrifuged twice for 5 min at 4ЊC and 200 g; the cells were resuspended and then counted in a hemocytometer to give a cell suspension of 0.05 to 0.06 ϫ 10 6 cells/ml. From this suspension, a volume of 3 ml was given into each well of a six-well plate (Nunc). After a 24-h period, the culture medium was removed from the wells, and the attached cells were washed twice with 5 ml/well of PBS with Ca 2ϩ /Mg 2ϩ (0.264 g/L of Ca 2ϩ , 0.2 g/L of Mg 2ϩ ). Then, 3 ml of serum-free culture medium containing the various dilutions of the test compounds in vehicle solvent were added, and the cells were exposed for 2 h except for the kinetic experiments, in which variable exposure periods were used. In experiments with S9 supplementation, 10% of a S9 mixture from rat liver was added to 200 l of the culture medium. Final concentrations of the S9 mixture in the assay were 0.244 mg S9 protein/ml culture medium, 8.25 mmol/L of MgCl 2 , 2 mmol/L of KCl, 1.25 mmol/ L of glucose-6-phosphate, 0.5 mmol/L of nicotinamide adenine dinucleotide 3Ј-phosphate, and 25 mmol/L of tris-(hydroxylmethyl)aminomethane-hydrochloride (Tris-HCl, pH 7.6). The S9 fraction was prepared from livers of ␤-naphthoflavonetreated rats (kindly provided by RCC-CCR, Rossdorf, Germany). Negative controls contained no toxicant, only DMSO and/or S9.
For the testing of water samples, samples were mixed at a 1:2 ratio with twofold-concentrated E-MEM so that the maximum concentration of water sample in the test was 50%.
Comet assay
After the 2-h exposure period, the medium was removed from the wells, the microplates placed on a tray over ice, and the cell layers washed twice with 5 ml of cold PBS and then trypsinized with 90 l/well of a solution containing 0.05% mg/ml of trypsin (Sigma) and 0.02% ethylenediaminetetraacetic acid (EDTA). The cells were incubated for 2 to 5 min on ice. Trypsinization was stopped with 90 l/well of E-MEM with 10% FCS. Of the resulting cell suspension, 10 l were mixed with 90 l of low-melting-point agarose (SeaPlaque GTG Agarose, Biozym, Germany) in PBS at 35ЊC, and 90 l of this 0.45% agarose suspension were spread by means of a coverslip on a cold microscope slide precoated with agarose. Following agarose solidification, a second layer of GTG-Agarose (0.5%) was placed onto the first layer.
The cells were lysed by immersing slides for 12 h at 4ЊC in a freshly prepared lysing solution (2.5 mol/L of NaCl, 0.1 mol/L of Na 2 -EDTA, 10 mmol/L of Tris, 1% Na-sarcosinate, 1% Triton X-100, pH 10.0 overall). The slides were drained of the lysing solution, placed on a horizontal gel electrophoresis tray, and covered with electrophoresis buffer (0.3 mol/L of NaOH, 1 mmol/L Na 2 -ETDA, pH 13 overall) for 45 min to allow the DNA to unwind. Electrophoresis was then carried out at 25 V (electric potential, 0.833 V/cm) and a starting current of 300 mA for 35 min. After electrophoresis, the slides were placed on a staining tray, neutralized with 0.4 mol/L of Tris (pH 7.5), fixed in ethanol, and dried.
The slides were stained with a 20 g/ml solution of ethidium bromide (EtBr) and viewed under a fluorescence microscope (Leica DM RB, Wetzlar, Germany) at ϫ400 magnification. To visualize the EtBr-DNA fluorescence, a filter combination of 515 to 560 nm/580 nm/590 nm (excitation/beam splitter/blocking filter; Leica filter set N2.1) was used.
Image analysis
The fluorescently stained DNA comets were measured for length and fluorescence intensity using an image-analysis system that consisted of a black-and-white video camera (Kinetic Imaging/Pulnix TM-765; assembler: Kinetic Imaging, Liverpool, UK; manufacturer: Pulnix, Sunnyvale, CA, USA) connected via a framegrabber card (Matrox IP-8/AT, Dorval, PQ, Canada) to a personal computer and supplied with imageanalysis software (Komet 3.0; Kinetic Imaging). Comets lying too close to the edge (ϳ5 mm) of the microscope slide or to each other were excluded from the measurements. The comet measurements were done semiautomatically. That is, the outer borders of a comet head were determined by the system on the basis of a fixed threshold value, whereas the middle of the comet head and the end of the comet tail were determined visually. Three parameters, supplied by the image-analysis system measurements, were chosen for data analysis: TL (distance [m] between the comet head center and the comet tail end), tail DNA (percentage of total DNA content in the comet tail based on intensity measurement and calculated as 100% Ϫ head DNA), and TM (calculated as TL multiplied by tail DNA). Tail moment was chosen as the reference effect parameter.
Statistical analysis
In each experiment, 100 cells were measured per test concentration. For each concentration, two microscope slides were used, with 50 cells measured per slide. A three-step procedure, developed in cooperation with B. Schneider and F. Moldenhauer (Medizinische Hochschule Hannover, Hannover, Germany), was applied as described below.
Significance test for the dose-response curve of a single experiment. The effect data (TM, TL, and tail DNA) were logtransformed, and a one-tailed t test was applied. The treatment was considered to be significantly different (␣ ϭ 2.5%, onetailed) to the respective negative control if the following condition was fulfilled: gm sample Ͼ SF 1 gm negative control with gm sample representing the geometric mean of 100 comet measurements in the sample, gm negative control representing the geometric mean of 100 comet measurements in the respective negative control, and SF 1 being the significance factor for the single sample, calculated as LSD ϭ t ␣ϭ0.025;df ϭnϩmϪ2;one-tailed 2 2
Ίn ϩ m and SF 1 ϭ 10 lsd , where s 2 represents the variance, log sample indicates the logarithm of the sample measurement value (e.g., TM), log negative control indicates the logarithm of the negativecontrol measurement value (e.g., TM), n indicates the number of comet (cell) measurements in the sample, m is the number of comet (cell) measurements in the negative control, t represents the t value, ␣ is the significance level in the one-tailed t test, df indicates the degrees of freedom in the t test, and LSD is the least significant difference.
Significance test using historical control. The significance was calculated based not only on the actual values of one specific experiment, but also on a historical control. This value was derived from results of 190 previous experiments done in the course of the project. In this approach, the treatment was considered to be significantly different to the negative control if the following condition was fulfilled: Replica condition. This condition was used only for the water samples. Each water sample was tested in three independent experiments. The water sample was considered to be genotoxic only if it showed a significant increase of TM, TL, or tail DNA in at least two of the three independent repetitions.
Cytotoxicity test
Cell viability was checked in each experiment after exposure of the cells to the test chemicals or water samples. As a viability assay, the fluorescein-diacetate/EtBr method [26] was used: After trypsinization of the cells at the end of the exposure period, 25 l of the cell suspension were transferred onto an object slide, and 25 l of fluorescein-diacetate/EtBr were added. After a few minutes, cells were viewed under blue fluorescence (450-490 nm/510 nm/515 nm, excitation/beam splitter/blocking filter; Leica filter set I3). Dead cells (with cell membrane damage) appeared red, whereas living cells (with intact cell membranes and esterase activity) displayed a green fluorescence.
RESULTS
Adaptation of the assay protocol to RTG-2 cells
In initial experiments, comet assay protocols as established for mammalian cells [9, 12] were adapted for RTG-2 cells. We found that the existing protocols could be applied with only a few modifications, mainly concerning changes in the duration of cell lysis, DNA unwinding, and electrophoresis. The assay conditions given in Materials and Methods represent the values as optimized for the RTG-2 fish cell line.
A parameter of the comet assay that may vary strongly between cells from different organisms is the exposure period. To identify appropriate exposure duration for RTG-2 cells, we analyzed the time-dependent appearance of DNA damage in the comet assay with RTG-2 cells. Cells were exposed to a fixed dose of NQO (210 nmol/L), and the degree of DNA damage during a 24-h period was analyzed. As shown in Figure  1a , DNA damage increased rapidly within the first hours of exposure and reached a maximum at approximately 2 h. After 3 h of continuous exposure, the intensity of measurable DNA damage started to decrease. This reduction of DNA damage showed a biphasic pattern, with a rapid decline between 4 and 8 h of exposure and a slower decrease afterward. After 16 to 24 h of continuous NQO exposure, DNA damage reached values comparable to control levels.
In subsequent experiments, the RTG-2 cells were exposed to NQO for 2 h only. Then, the medium was replaced by fresh, NQO-free medium, and the incubation was continued for another 22 h. The shape of the time-response curve (Fig. 1b) differed only slightly from that of the response curve as obtained with continuous NQO exposure (Fig. 1a) .
Two main factors may contribute to the decline of DNA damage after 2 h of NQO exposure: Either within this period the compound is rapidly metabolized to nonactive metabolites, or the cells activate efficient DNA repair processes.
To test if the decline in DNA damage after 2 h of NQO exposure results from metabolic turnover of the test compound, we exposed cells for 2 h to spent medium (i.e., medium that had been collected from RTG-2 cells after a 2-h exposure to NQO). If the cells substantially metabolize NQO to nongenotoxic metabolites, then the spent medium should contain a considerably lower NQO concentration and be clearly less genotoxic. To account for spontaneous degradation of NQO, we incubated NQO-containing medium in microplates for 2 h in the absence of cells and tested the genotoxicity of this medium to RTG-2 cells. Standard NQO exposure experiments were run in parallel; that is, cells were exposed to medium freshly dosed with NQO (positive control). Exposure of cells to NQO-containing medium preincubated in the absence of cells produced 90 to 100% of the DNA damage compared to the positive control. However, exposure of RTG-2 cells to spent medium resulted in only 10 to 30% DNA damage compared to the positive control (data not shown).
To test for the role of DNA repair, RTG-2 cells were coincubated with NQO and aphidicolin, an efficient inhibitor of DNA polymerase ␣. The co-incubation largely prevented the time-dependent decrease of DNA damage as observed with NQO alone (Fig. 2) . The difference between the two treatments was already evident after 2 h of exposure (Fig. 2a) and even more expressed after 8 h (Fig. 2b) .
From the findings on the time-dependent changes of DNA damage, we concluded that an exposure duration of 2 h was optimal for the comet assay with RTG-2 cells. In the following experiments with genotoxins and water samples, a 2-h exposure period was applied throughout.
Response of RTG-2 cells to reference genotoxins
Alterations of the TM values of RTG-2 cells after a 2-h exposure to the genotoxin NQO are shown as box plots in Figure 3 . With increasing test concentrations of NQO, a concentration-dependent increase of DNA damage could be observed. The TM values were already significantly different from the solvent control at the lowest NQO concentration tested (13 nmol/L). Cytotoxic effects, which could evoke secondary genotoxic alterations, were not evident for the concentration range tested (Ͼ90% of viable cells at all NQO concentrations tested). Table 1 summarizes the lowest-observed-effect concentration (LOEC) values of the six reference compounds used in the present study. For each compound, data from three independent experiments are shown. The results indicate some variation in the LOEC values for the genotoxicity of the test compounds. Within the range of test concentrations shown in Table 1 , no cytotoxic effects were observed.
Among the six reference substances tested, the RTG-2 cells Concentration range tested Table  1) .
Comparison of TL and TM as effect parameters in the comet assay with RTG-2 cells
All effect data in the previous paragraphs were given as TM values. To examine to what extent the results of the comet assay with RTG-2 cells depend on the choice of the effect endpoint, we analyzed all experiments both by means of TM and TL. In Figure 4 , averaged dose-response curves for NQO in terms of TL and TM are given. The LOEC values of TM and TL usually were not different (the TL LOEC was more sensitive than the TM LOEC in only 1 of 11 tests with NQO). However, the shape of the dose-response curve differs between TM and TL. Whereas TL led to a saturation curve, the concentration-response curve with TM was linear over the whole concentration range tested. The TL, because of the very steep slope at low NQO concentrations, had a higher resolution than TM at low toxicant levels but was less accurate at the higher toxicant levels. For the other reference compounds used in the present study, identical observations of the difference between TL and TM were made (data not shown).
Reproducibility of the comet assay with RTG-cells: Distribution of positive and negative controls
For routine application of the comet assay with RTG-2 cells in surface water testing, the reproducibility of the test is of crucial importance. We therefore analyzed the variation of the average TM values of negative (vehicle only) and positive standards (105 and 210 nmol/L of NQO). The results of this evaluation are shown in Figure 5 . The negative control showed TM values usually in the range of 2.5 to 10.7 m (5th and 95th quartile). The coefficient of variation accounted for 50% in the case of the negative control. For the positive controls, the coefficient of variation was in the same range, with 64% for the 105 nmol/L concentration and 46% for 210 nmol/L concentration.
Experiments with native water samples
Surface waters often contain very low concentrations of genotoxic compounds. Therefore, we examined if the comet assay with RTG-2 cells was sufficiently sensitive to detect genotoxic potentials in native, nonconcentrated surface water samples. In a first set of experiments, water samples from the Weisse Elster, a river with low contamination, were spiked with serial (1:2) dilutions of the U.S. EPA standard 8270C. This standard contains, among other substances, defined levels of NQO (see Material and Methods). The spiked samples were then tested blind (i.e., as coded samples). Two important findings were obtained from this experiment (Fig. 6) : First, the TM values of the serial dilutions of the spiked sample showed a strictly linear dose-response relationship (straight line in Fig.  6 ). Second, the observed effect magnitude was in the range that could be expected based on the NQO concentrations added via the U.S. EPA standard to the samples and from the concentration-response curve of NQO as shown in Figure 3 . The findings indicate that the comet assay with RTG-2 cells is able to detect the genotoxic potential of chemical compounds not only under the standardized conditions of single-substance testing but also in more complex matrices. In the next step, the comet assay with RTG-2 cell matrices was used for the testing of native surface water samples collected from the Rhine and Elbe rivers as well as from the Wahnbachtal barrage, which serves as a drinking-water res-S. Nehls and H. Segner ervoir. A total of 45 water samples were collected over a 12-month period, and each sample was assayed regarding genotoxicity in three independent repetitions (making a total of 135 tests). Although nonsterile water samples were used in these tests, no problems from the bacterial contamination were encountered.
A number of the tested water samples induced significant increases of TM, TL, and tail DNA in the comet assay with RTG-2 cells. Examples from the results with the surface water samples are shown in Figure 7 . The Wahnbachtal barrage had the lowest number of genotoxic samples (one of six), whereas the sampling station at the Rhine River, near the city of Düs-seldorf, exhibited the highest number of genotoxic samples (four of six).
The three endpoints-TL, TM, and tail DNA-were applied in parallel to all water samples. Among the 135 tests, TM identified 59 (43.7%), TL classified 63 (46.7%), and tail DNA identified 48 (35.6%) samples as genotoxic. Thus, TM and TL appear to be of comparable sensitivity, whereas tail DNA appears to be less sensitive in detecting the genotoxic activity of surface water samples.
DISCUSSION
Several studies have used fish cell lines for indicator tests on genotoxicity. The endpoints applied in those studies included the formation of DNA adducts, presence of chromosome aberrations, or induction of micronuclei (for review, see [22] [23] [24] ). The comet assay with fish cell lines has been used, to our knowledge, in only two studies: In a survey on genotoxic potentials in the Kishon River (Israel), the comet assay was applied in combination with the rainbow trout hepatoma cell line, RTH-149 [18, 27] , and in a study on genotoxic potentials in marine sediments, the comet assay with the epithelial papilloma cell line from carp was used [28] . Both investigations demonstrated the principal applicability of fish cell lines for the comet assay.
The present study aimed to establish a robust comet assay protocol on the basis of standard effect parameters, TM and TL, with the RTG-2 cell line and to evaluate the sensitivity of this genotoxic indicator test toward reference genotoxins as well as environmental samples. The assay conditions found to be suitable for the comet assay with RTG-2 cells are essentially identical to those established for mammalian cells [10] [11] [12] . With NQO as test compound, the optimal incubation time for the comet assay with RTG-2 cells was 2 h. Longer exposure periods resulted in a time-dependent reduction of DNA damage, even in the continued presence of the genotoxic agent. Similar observations have been reported by Devaux et al. [20] , who used the comet assay to analyze DNA damage in cultured trout hepatocytes exposed to BaP: The strongest increase in DNA strand breaks occurred after a 4-h exposure period, whereas the increase was less pronounced after 24 h of exposure. Exposure of the hepatocytes to BaP for 48 h even led to a reduction of DNA strand breaks compared to control cells. Smeets et al. [29] , when studying BaP-induced appearance of DNA adducts in the fish cell line, Poecilopsis lucida hepatoma cell line (PLHC-1), found a similar time dependency of adduct formation. The decline of DNA damage with increasing exposure time as observed for NQO (present study) and BaP [20, 29] could result from several mechanisms: One possible explanation would be the instability of the genotoxic agent in the incubation medium. An alternative explanation would be the metabolic conversion of the genotoxic agent to nongenotoxic metabolites or conjugates. A third possible explanation is the activation of DNA repair processes. Finally, extensive fragmentation of DNA could lead to very small DNA fragments, which are difficult to detect in the alkaline gel electrophoresis [30] . Our experimental data suggest that the timedependent decrease of DNA damage in NQO-exposed RTG-2 cells involves both NQO biotransformation and active DNA repair. The principal capability of RTG-2 cells for xenobiotic metabolism has been demonstrated recently [31] . The lower genotoxic potency of spent media, as reported in the present study, provides further evidence that the RTG-2 cells are able to substantially metabolize NQO within the 2-h treatment period. As a consequence, the actual concentration of NQO in the culture media will decline with prolonged exposure time, resulting in less DNA damage. That the time-dependent decline of genotoxic potency of the NQO solution was not caused by chemical instability of the test agent is indicated from the sustained genotoxic activity of NQO-containing media incubated in the absence of RTG-2 cells. Our findings with the DNA polymerase inhibitor, APC, however, indicate that in addition to NQO metabolism, DNA repair contributes to the time-dependent decrease of DNA damage in RTG-2 cells. Only a few experiments have investigated the DNA repair capability of fish cells or fish cell lines, but from the available data, it appears that this process is an important mechanism to protect DNA integrity in fish cells. For instance, Walton et al. [32] investigated DNA repair in fish cell lines exposed to 1 mol/ L of NQO by means of the unscheduled DNA synthesis assay, and those authors found a time course of the decrease in DNA damage comparable to our present results with the comet assay. Similar observations of DNA repair activity have been reported for the brown bullhead cell line [33] . Overall, the experiments regarding the time-dependent change of NQO-induced DNA damage in RTG-2 cells clearly demonstrate that the choice of exposure period is a critical factor in the comet assay protocol.
Cell lines often are considered to have restricted metabolic capacities compared to the in vivo tissues or primary isolates and, therefore, may be less responsive to genotoxins that reComet assay with fish cell line Environ. Toxicol. Chem. 24, 2005 2085 quire metabolic activation. However, although a detailed characterization of the metabolic capabilities of fish cell lines is, to our knowledge, still lacking, the presence of metabolic enzymes as well as the ability to convert lipophilic xenobiotics into water-soluble metabolites has been shown for several fish cell lines, including RTG-2 [29, [31] [32] [33] [34] [35] . The NQO results discussed above further indicate substantial metabolic capabilities of RTG-2 cells. Therefore, fish cell lines should be able to detect metabolism-generated genotoxicity. On the other hand, the low sensitivity of the RTG-2 cells to the indirectly acting genotoxins tested in the present study argues against this view. It also should be emphasized that a simple, linear relation between metabolic enzyme equipment and genotoxic sensitivity of a cell system is not always to be expected [31] . Thus, at the present state of knowledge, the question about the ability of a given fish cell system to activate indirectly acting genotoxins has to be answered mainly on an empirical basis. Among the six tested reference genotoxins, the RTG-2 cells classified BaP, MNNG, NQO, and NF as genotoxic, whereas AAF and DMN were not identified as such. In the case of BaP, catalytic conversion by cytochrome P4501A and epoxide hydrolase results in the formation of electrophilic metabolites that can bind covalently to DNA and form stable adducts. It is remarkable that the sensitivity of RTG-2 cells to the genotoxic action of BaP appears to be comparable to sensitivities reported for isolated hepatocytes of fish, which are known to possess substantial capabilities for BaP metabolism (see, e.g., [36, 37] ): Whereas the LOEC value of BaP in the comet assay with RTG-2 cells varied between 2.4 and 3.7 mol/L (without S9 addition), reported threshold levels of BaP in the comet assay with isolated fish hepatocytes ranged between 0.1 to 50 mol/L [16, 20] .
The genotoxicity of NF arises from its redox cycling activity. It has been shown in several fish species that NF stimulates the production of oxyradicals and hydroxyradicals [38, 39] in vivo. Experiments with English sole (Parophrys vetulus) indicate that the liver, in particular, bioactivates NF, because NF-related oxidative DNA damage was found only in this organ and not in others, such as the kidney [40] . In line with this finding is the observation that exposure of brown trout hepatocytes to NF led to the formation of DNA strand breaks, whereas exposure of brown trout erythrocytes did not result in a genotoxic response [16] . The dependency of NF genotoxicity on liver-specific metabolism may explain the low sensitivity of the RTG-2 cells to NF.
The second nitroaromatic compound used in the present study, NQO, is metabolized through an initial two-electron reduction into a hydroxylamino form, which then facilitates subsequent esterification to a highly genotoxic species [41] . The reductive reaction is catalyzed by DT-diaphorase, and it has been shown that cells possessing DT-diaphorase activity, such as the brown bullhead cell line from bullhead catfish, are sensitive to NQO genotoxicity [41] . DT-diaphorase also is present in RTG-2 cells [31] , which may explain the sensitivity of this cell line to NQO genotoxicity.
Both AAF and DMN, at the concentrations tested in the present study, were not genotoxic in the comet assay with RTG-2 cells. Activation of AAF occurs mainly by phase I enzymes, with the decisive step being a N-hydroxylation, ultimately leading to the formation of DNA adducts [42] . Our finding that AAF is not genotoxic in the comet assay with RTG-2 cells agrees with findings from in vivo studies on a low genotoxic activity of AAF in fish [43, 44] . Dimethylnitrosamine induces DNA damage by methylation, and this compound has been reported to be genotoxic in fish in vivo [45] . The lack of DMN genotoxicity in the comet assay with RTG-2 cells cannot be explained with current knowledge regarding the metabolic capabilities of these cells.
Any screening test for the detection of genotoxic potentials in the aquatic environment requires high sensitivity and good reproducibility. The sensitivity of the comet assay with RTG-2 cells is comparable to that of other in vitro genotoxicity screens using fish cells. For instance, for NQO, the LOEC value obtained with RTG-2 cells varied between 0.013 to 0.026 mol/L, whereas it was 1 mol/L in the comet assay with brown trout hepatocytes (incubation period, 1 h) [16] , 10 mol/ L with brown trout red blood cells (incubation period, 1 h) [16] , and 0.01 mol/L in flounder hepatocytes (incubation period, 15 min to 24 h) [46] . Benzo[a]pyrene had a LOEC value of 4.8 mol/L in the comet assay with RTG-2 cells (without S9 addition), whereas the comet assay with rainbow trout hepatocytes showed a LOEC value of 0.1 mol/L (incubation period, 3 h) [20] . The sensitivity of the comet assays using RTG-2 cells also appears to be comparable to nonfish in vitro systems (e.g., to the LOEC value of NQO [0.02-0.5 mol/L] in various human cell lines) [47] . Particularly important is that the comet assay with RTG-2 cells was sufficiently sensitive to detect genotoxic potencies in native, nonconcentrated samples of surface water. A large fraction of the tested samples from German rivers could be identified positively as genotoxic without the need for sample extraction and concentration. This is an important advantage for environmental testing and surveillance. Furthermore, because of the low incubation temperature and short incubation time, the RTG-2 cells tolerate the administration of nonsterile environmental samples, which avoids the need for filtering of samples and other procedures that could alter the genotoxic activity of the sample.
The sensitivity of the comet assay may vary with the selected effect endpoint. In RTG-2 cells, TM and TL did not clearly differ with respect to sensitivity; however, they differed with respect to the shape of the concentration-response curve. The extended linearity of the TM curve allows measuring genotoxic effects over a broader concentration range than is the case with TL. Tail moment usually is regarded as the more accurate measure of DNA damage compared with TL, because comet tails having identical lengths can show different DNA fluorescence intensities [48] . Schnurstein and Braunbeck [21] , when determining the genotoxicity of environmental samples in the comet assay with isolated gill and liver cells of zebrafish, found that TL identified significantly more environmental samples as genotoxic than did TM or tail DNA. This finding could not be confirmed in the present study, although TL tended to be slightly more sensitive than TM (46.7% of the water samples were found to be genotoxic with TL, compared to 43.7% with TM). Interestingly, the water samples used by Schnurstein and Braunbeck [21] were taken together with our samples at the same time and from the same sites. Therefore, the difference between their study and the present results cannot be related to the chemical composition of the samples but, rather, must be caused by either technical or biological parameters (e.g., use of primary fish cells by Schnurstein and Braunbeck [21] versus a continuous fish cell line in the present study).
In conclusion, the present study succeeded in establishing a reproducible test protocol for the comet assay with RTG-2 cells. The test is responsive toward both directly and indirectly acting genotoxins. Moreover, the test sensitivity is sufficient to detect genotoxic potencies in native, nonconcentrated samples of surface water. Therefore, the comet assay with the RTG-2 cell line may be a valuable indicator assay for genotoxicity screening of both individual chemicals and environmental samples.
